Ion-selective electrodes permit the potentiometric measurement of the activity of a given ion in the presence of other ions. Construction and then application of an ion-selective electrode as a potentiometric sensor offers interesting advantages such as speed, fast response, simplicity, low cost and wide linearity range. These characteristics have inevitably led to sensors for ionic species. 1 Specific metal-ligand interactions are among the most important recognition mechanisms that can be utilized in the development of potentiometric sensors. 2 Such interactions have been used in the development of cation-and anionselective electrodes based on different ionophores.
Introduction
Ion-selective electrodes permit the potentiometric measurement of the activity of a given ion in the presence of other ions. Construction and then application of an ion-selective electrode as a potentiometric sensor offers interesting advantages such as speed, fast response, simplicity, low cost and wide linearity range. These characteristics have inevitably led to sensors for ionic species. 1 Specific metal-ligand interactions are among the most important recognition mechanisms that can be utilized in the development of potentiometric sensors. 2 Such interactions have been used in the development of cation-and anionselective electrodes based on different ionophores.
The porphyrins are a class of naturally occurring macrocyclic compounds, which play a very important role in the metabolism of living organisms. The porphyrin molecule contains four pyrrole rings linked via methene bridges. The porphyrin nucleus is a tetradentate ligand in which the space available for a coordinated metal has a maximum diameter of approximately 3.7 Å. 3 When coordination occurs, two protons are removed from the pyrrole nitrogen atoms, leaving two negative charges. The porphyrin ring system is very stable and exhibits aromatic character. 4 The need for highly sensitive and selective determination of silver ion arises from both its economic value and its long-term toxicity toward human beings. It is known that silver inactivates sulfhydryl enzymes and also combines with amine, imidazole and carboxyl groups. Further, silver has many technical uses such as in photography, dentistry, and the electronic industry. It is also increasingly being used in the field of medicine. [5] [6] [7] Also, the multi-purpose nature of silver makes its analysis in, and recovery from, waste material of increasing importance. The chemical recognition of metal ions is a very difficult task due to their ability to show several coordination numbers and their affinity towards different coordination centers. The d 10 transition metal ions, Ag + and Hg 2+ , display singular coordination characteristics. 8 A silver ion-selective electrode finds applications in environmental monitoring, wastewater analysis and for the determination of some anions such as chloride, bromide and iodide. A group of polythiacrown ethers and acyclic polythia compounds have been utilized for the measurement of Ag + . [9] [10] [11] It is also found that some sulfur and/or nitrogen-containing calix and resorc arene-based PVC membrane electrodes exhibit good selectivity toward Ag + ion over alkali metal ions. [12] [13] [14] A survey of the literature revealed that porphyrin compounds showed selective complexation with metals [for example meso-tetra(4-pyridyl)porphyrin (it has similar structure with ionophore mesotetraphenylporphyrin [H2T(4-CH3)]PP) showed selective complexation with Ag + ] and therefore may be used as electroactive materials for the fabrication of membranes in ISEs. 15 In this article, we report the use of, mesotetraphenylporphyrin [H2T(4-CH3)]PP as a highly selective neutral ion carrier for detection of silver, using membrane ionselective electrodes. The need for highly sensitive and selective determination of silver ion arises from silver's economic value, environment importance and long-term toxicity toward human beings.
prepared by a previously reported method. 16 4-Methylbenzaldehyde (10 mmol) was mixed with propionic acid (35 ml) and nitrobenzene (15 ml). Fresh distilled pyrrole (10 mmol) was added and the mixture was kept at 120˚C during 1 h. On cooling, the porphyrin precipitated directly from the reaction mixture and was isolated by filtration. Poly(vinyl chloride) (PVC) of high relative molecular weight and dibutyl phthalate (DBP) were used as received from Aldrich. Sodium tetraphenylborate (NaTPB), bis(2-ethylhexyl)sebacate (BEHS), tetrahydrofuran (THF) and all other chemicals were of highest purity available from Merck, and were used without further purification, except THF, which was distilled before use. All aqueous solutions were prepared with deionized, distilled water. The pH adjustments were made with dilute nitric acid and ammonium hydroxide.
Electrode preparation
A mixture of PVC, plasticizer, and the membrane additive, to give a total mass of 200 mg was dissolved in about 7 ml of freshly distilled THF.
To this mixture was added the electroactive material (meso-tetraphenylporphyrin), and the solution was mixed well. The resulting mixture was poured into a small flat bottom dish covered with a piece of filter paper and the solvent was allowed to evaporate at room temperature. The resulting membrane (ca. 0.2 mm thick) was then sectioned with a cork borer and mounted across the opening of a PVC tube of about 7 mm i.d. and 1.5 cm length using glue made of PVC in THF. A solution of 1.0 × 10 -3 M AgNO3 was used as the internal reference solution and Ag/AgCl coated wire was employed as an internal reference electrode. The electrode was conditioned by soaking in 1.0 × 10 -2 M Ag + solution for 7 h and then placed in water.
Apparatus
Potentials were measured with a Metrohm Model 654 pH/mV meter. A saturated calomel electrode (SCE, Metrohm) with a double junction was used as the reference electrode. The pH of the sample solutions was monitored with a conventional glass pH electrode (Metrohm). Atomic absorption spectrometry (Buck, Scientific), performed in accordance with the manufacturer's recommendations was used as a reference method for the determination of silver in real samples.
Potential measurement and calibration
The membrane silver electrode containing mesotetraphenylporphyrin carrier was used as the measuring electrode in conjunction with a double junction saturated calomel electrode (SCE). All measurements were performed at ambient temperature (23 ± 1˚C) using a galvanic cell of the following type:
The performance of each electrode was investigated by measuring its potential in silver nitrate solutions prepared in the concentration range 1.0 × 10 -8 -1.0 × 10 -1 M by serial dilution at constant pH. All solutions were freshly prepared by dilution from the stock standard solution of 1.0 × 10 -1 M concentration with doubly distilled water. The solutions were stirred and potential readings were recorded after they became stable. The data were plotted as observed potential vs. the logarithm of the Ag + concentration. Potentiometric titration of the Ag + solution was carried out with NaI solution using the silver-selective electrode as the indicator electrode in conjunction with a fiber junction SCE. Activities were calculated according to the Debye-Hückel procedure.
Potentiometric selectivity coefficients (KAg+,Mn+) were determined according to the mixed solution method using 0.01 M solutions of primary ions.
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Results and Discussion
In order to test the performance of the membrane characteristics, various operation parameters were investigated viz., selectivity, response time, sensitivity, life time, working range of the electrode at different concentrations of the metal ion, pH value and the effect of the membrane composition.
Influence of membrane composition
It is well known that the sensitivity, linear dynamic range, and selectivity of the ISEs depend not only on the nature of the carrier used, but also significantly on the membrane composition and the properties of the additives employed. 19 Thus, the influences of the membrane composition, nature and amount of plasticizer, and lipophilic additives on the potential response of the membranes were investigated. Table 1 presents the composition of several typical membranes, along with their characteristics. The potential response of all the electrodes was studied in the concentration range of 1.0 × 10 -8 -1.0 × 10 -1 M Ag + . As it can be seen, the membranes incorporating 70% DBP and 20% PVC, in the presence of 6% carrier, show the best sensitivity, with a Nernstian slope of 59.2 mV/decade silver concentration.
The "blank membrane" without ligand showed a linear response for Ag + within the concentration range from 1.0 × 10 -3 -1.0 × 10 -1 M and the slope was a non-Nernstian response (24 mV/decade).
Since the nature of the plasticizer influences the dielectric constant of the membrane phase, the mobility of the ligand is expected to play an important role in determining the characteristics of the ISE. As seen from Table 1 , the entire test membrane electrode plasticized with lower relative polarity DBP, because it gave a larger response slope than that of higher relative polarity. This is consistent with literature results that, in sensors for monovalent cations, the use of relatively non-polar membrane material can improve the cation response. 20, 21 However the presence of ligand in the membrane improved the sensitivity, extended the linear range and, due to its specific interaction with silver ion, resulted in a high selectivity of the membrane toward silver ion. As can be seen in Table 1 , among the different compositions, membrane 10 incorporating 20% PVC, 70% DBP, 6% meso-tetraphenylporphyrin and 4% NaTPB (all by weight) exhibit the best responses (sensitivity and linear range). Therefore, this composition was generally applied for further work.
The potentiometric response of the membrane was greatly improved in the presence of the lipophilic anionic additive NaTPB. Such additives reduce or eliminate the interference by lipophilic sample anions, and give rise to significant selectivity changes (increased divalent/monovalent selectivity). They reduce the electrode response time, are capable of boosting cation sensitivity in the case of carriers with poor extraction properties and considerably lower the electrical membrane resistance. 22, 23 Generally, better response characteristics were observed with a NaTPB/ionophore weight ratio of about 0.66. The presence of lipophilic ionic sites is beneficial for both neutral carrier-and charged carrier-based ion-selective electrodes. 24, 25 Neutral carrier-based ion-selective electrodes require lipophilic ionic sites with a charge sign opposite to that of the primary ion for obtaining Nernstian responses. 26 However, for the charged carrier-based ion-selective electrodes, the charge sign of the ionic sites that gives the highest potentiometric selectivities depends on the charge of the ionophore, the charge of the primary and interfering ions as well as on the stoichiometry of their complexes with the ionophore. 27 Therefore, the carrier mechanism may be evaluated from the different effects the charge of the added ionic sites has on neutral and charged carrier-based ion-selective electrodes. 28 On the basis of the above discussions, enhancement of the electrode response in the presence of NaTPB, i.e., higher sensitivity and wider linear range, is to be expected for the mesotetraphenylporphyrin as a neutral carrier in the membranes.
Response characteristics of the electrodes
The calibration curve was obtained for this electrode is shown in Fig. 2 . The silver selective electrode exhibited a linear response to the activity of silver ions within the concentration range of 1.0 × 10 -7 -1.0 × 10 -1 M AgNO3 with a Nernstian slope of 59.2 ± 1.0 mV per decade of activity of silver.
The limit of detection, calculated as recommended by IUPAC from the intersection of the two extrapolated segments of the calibration curve, was 1.0 × 10 -7 M. The effect of pH of the test solution on the electrode potential response was studied at three Ag + concentrations (1.0 × 10 -2 , 1.0 × 10 -3 , 1.0 × 10 -4 M) where the pH was adjusted with dilute nitric acid and ammonium hydroxide solutions and measured potentiometrically with the combined glass-pH electrode. When pH values were plotted against E (mV), it was observed that the potential is independent of pH in the pH range of 3 -9 (Fig. 3) . Therefore, this pH can be chosen as the working range of the electrodes' assembly. A substantial increasing trend in the potential was observed at low pH, which may be considered to be due to the interference from the H + ions, which at low pH are more than the Ag + ions. The probable reason for the observation of the decreasing trend at high pH values is to the hydrolysis of Ag + and formation of hydroxyl of silver in solution. In fact this electrode can be used over a wide pH range, which can be an advantage. 29 The average time for the silver ion-selective electrode to reach a potential within ±1 mV of the final equilibrium value after successive immersion of the electrode in a series of silver ion solutions, each having a 10-fold difference in concentration, was measured. As the concentration of silver was changed from 1.0 × 10 -4 to 1.0 × 10 -3 M, the potential was plotted vs. time (Fig. 4) . The static response time thus obtained was < 10 s. But at concentrations lower than 1.0 × 10 -4 M, the potential was constant at longer times. The sensing behavior of the membrane electrode remained unchanged when the potentials were recorded either from low to high concentration or vice versa.
Stability and reproducibility of the electrodes were also tested. The standard deviation (precision) of 20 replicate measurements at 1.0 × 10 -3 , 1.0 × 10 -4 M was ±0.8, ±0.9 mV per decade, respectively.
This silver-selective electrode could be for three months, without any measurable change in potential. The electrode life time was studied by periodically recalibrating the silver response in standard AgNO3 solution, which was kept in a 1.0 × 10 -3 M AgNO3 storage solution. The electrode had been repeatedly calibrated five times during a period of 1 month. During this time, the linear dynamic range and slope of electrode remained almost constant (Table 2) .
In Table 3 , the response characteristics of the proposed electrode are compared with those of several recently reported electrodes that are selective for Ag + ion.
14, [30] [31] [32] [33] [34] [35] As is quite obvious from Table 3 , in most cases, the slope, the linear range, the detection limit and the selectivity coefficients of the proposed electrode are superior to those of other electrodes reported in the literature.
Selectivity of the electrodes
The most important characteristic of any ion-sensitive sensor is its response to the primary ion in the presence of other ions present in solution, which is expressed in terms of the potentiometric selectivity coefficients. Potentiometric selectivity coefficients (KAg+,Mn+) describing the preference by the membrane for an interfering ion M relative to Ag + , were determined by the fixed interference method (FIM). 36 The potentiometric selectivity coefficients of the proposed electrodes are summarized in Table 4 . The data in Table 4 show that, the electrode based on meso-tetraphenylporphyrin exhibits a relatively high selectivity toward Ag + with respect to alkali, alkaline earth and several common transition metal ions. From the potentiometric selectivity data presented here, it is obvious that meso-tetraphenylporphyrin interacts relatively strongly with Ag + ion and can be used successfully as a sensing agent for silver-selective electrodes. Silver as a d 10 transition metal ion displays singular coordination characteristics and has a preference for a coordination number of two. However, the meso-tetraphenylporphyrin, with nitrogen atoms (cavity) seems to fit the coordination tendencies of Ag + ion better than any of the other cations tested. Such a fit explains its relatively good selectivity toward silver ion. The most important factors governing the selectivity characteristics of any ligand are the extent of pre-organization and the required spatial arrangement of the polar binding groups/atoms into a rigid conformation of optimum dimensions for the target ion. 37 Therefore, by changing the size and type of the binding groups, it is possible to design ionophores for different metal ions. The stabile complexes between transition metal cations and porphyrins enable coordinating interaction with extra ligands, so these compounds are used as components of membranes of ISE in potentiometry and in voltammetry. 4 
Analytical applications
To assess the applicability of the PVC-membrane silverselective electrode to real samples, an attempt was made to determine real silver samples. Different samples ores (1, 2 and 3) were ores of Sarcheshmah in the Kerman province of Iran. About 1 g of each rock was dissolved in 20 ml nitric acid. The mixture was heated to dryness and then 5 ml of concentrated nitric acid was added. The solution was filtered through a piece of filter paper. The filtrated solution was diluted with distilled water to the mark of a calibrated flask. The silver content was measured using a PVC silver-selective electrode and also by atomic absorption spectrometry (AAS), with standard addition method ( Table 5 ). The electrode has also been applied in the determination of Ag + in fixation solutions (samples 4 and 5 in the Table 5 a. These data are the average signals for the five different silver membranes, the sign of "±" for the slope shows the standard deviation for electrode to electrode reproducibility. absorption spectrometry (AAS) shows good agreement. The proposed electrodes were successfully applied as indicator electrode in potentiometer titration of AgNO3 solution with NaI as a suitable titrant. A very good inflection point, showing perfect stoichiometry, was observed in the titration plot (Fig. 5) .
Conclusions
On the basis of the results discussed in this paper, ligand mesotetraphenylporphyrin can be regarded as a carrier for construction of a novel PVC based on membrane-ISE for silver. The proposed electrode has been shown to have good operating characteristics (sensitivity, stability, response time, detection limit and a wide linear range). It is easy to prepare and use. This electrode can be used for determination of silver in real samples. Table 3 Comparing some of the electrode characteristics with previous Ag + -ISEs a. Ionophores I, II, III, IV, V were tert-butylcalix [4] arene tetra(allyl ether), tert-butylcalix [4] arene tetra(benzyl ether), tert-butylcalix [4] arene tetra(propargyl ether) and tert-butylcalix [4] arene tetra(allyl ester), respectively. 
